Oligodendrocyte precursor cells (OPCs) undergo a series of energy-consuming developmental events; however, the uptake and trafficking pathways for their energy metabolites remain unknown. In the present study, we found that 2-NBDG, a fluorescent glucose analog, can be delivered between astrocytes and oligodendrocytes (OLs) through connexin-based gap junction channels but cannot be transferred between astrocytes and OPCs. Instead, connexin hemichannel-mediated glucose uptake supports OPC proliferation, and EtBr uptake or increase of 2-NBDG uptake rate is correlated with intracellular calcium elevation in OPCs, indicating a calcium-dependent activation of connexin hemichannels. Interestingly, deletion of connexin 43 (Cx43) in astrocytes inhibits OPC proliferation by decreasing matrix glucose levels without impacting OPC hemichannel properties, a process that also occurs in corpus callosum from acute brain slices. Thus, dual functions of connexin-based channels contribute to glucose supply in oligodendroglial lineage, which may pave a novel way for energy metabolism-directed oligodendroglial targeted therapies.
Introduction
Oligodendrocyte precursor cells (OPCs) undergo proliferation, migration and dynamic interactions with axons before myelination (Kang et al., 2010; Richardson et al., 2011; Rivers et al., 2008) . In addition to myelination, oligodendrocytes (OLs) also act as an energy source for axons by actively participating in monocarboxylate transporter 1 (MCT1)-mediated lactate delivery (Funfschilling et al., 2012; Lee et al., 2012) . Recently, it has been found that OPCs directly promote angiogenesis to support the high energy-consuming myelination process (Yuen et al., 2014) , and oligodendroglial cells take up more energy substrates than neurons do at least in culture (Sanchez-Abarca et al., 2001 ). Thus, oligodendroglial cells require an extraordinary metabolic demand to support their development and function (Harris and Attwell, 2012; Nave, 2010) . However, the detailed energy metabolism pathways of the oligodendroglial lineage are currently unclear.
the OPC stage.
Intracellular calcium signaling actives hemichannels in OPCs
Because it has been reported that intracellular calcium ([Ca 2+ ]i) elevation triggers the opening of Cx43 and Cx32 hemichannels in other cell types (De Vuyst et al., 2006; Wang et al., 2013) , we wondered whether hemichannel activity in the oligodendroglial lineage was also calcium-dependent. Thus we monitored cytoplasmic [Ca 2+ ]i in OPCs and OLs in normal culture conditions following Rhod-2 loading. Real-time recordings showed that most OPCs exhibited spontaneous "oscillatory"-like calcium signaling with peak and plateau transients, while OLs showed "flat" calcium signaling ( Fig. 4A and B We found that treatment of BAPTA-AM inhibited the spontaneous "oscillatory"-like calcium signaling and reduced the 2-NBDG or EtBr uptake in OPCs (Fig. 4 C-E) . However, the relative 2-NBDG uptake rate was significantly increased in the ionomycin treated group, and this effect was inhibited by CBX treatment (Fig. 4D ). Taken together, these results indicate that hemichannel Journal of Cell Science • Advance article activity depends on intracellular calcium elevation in OPCs.
Inhibition of hemichannel activity impacts OPC proliferation
Glucose is considered as the most important energy source in the brain and OPC development may rely on it. To determine the role of Cx hemichannel-mediated glucose uptake in supporting OPC development, we firstly tested the effect of glucose on OPC proliferation. Purely cultured OPCs were fed with OPC-proliferation media containing three different concentrations of glucose (0, 0.75 and 1.5 mg/ml). Usually 1.5 mg/ml was considered as the normal extracellular glucose concentration. Olig2 is an oligodendroglial lineage marker which is expressed through the whole development process, and we use Ki67/Olig2 double positive cells to mark the proliferating OPCs as described previously (Niu et al., 2012b) . When exposed to media with reduced concentrations of glucose (0 mg/ml and 0.75 mg/ml), the number of viable cells and Ki67 + /Olig2 + proliferating OPCs were significantly decreased in a concentration-dependent manner ( Fig. 5A and B) . Moreover, in the presence of a normal glucose concentration, the blockade of Cx hemichannels in OPCs with CBX or La 3+ resulted in a significant decrease of OPC proliferation, indicated by decreased viable cell numbers or Ki67 + /Olig2 + dividing OPC numbers ( Fig. 5C-E). These results indicate that glucose uptake through hemichannels contributes to OPC proliferation. Interestingly, it was found that the glucose concentration in the media collected from Cx43-KO astrocytes was significantly lower than that from the wild-type astrocytes (Fig. 6A) . Similar results were found in wild-type astrocytes treated with the Cx-based channel blocker CBX (Fig. 6B ).
Meanwhile, we performed an EtBr uptake assay in corpus callosum of acute brain slices from P14 mice or AST-OPC co-cultures to detect hemichannel function in OPCs under different conditions. We found that the hemichannel function in OPCs was blocked by CBX and increased in Ca 2+ -free solution, but was not affected by Cx43 deletion in astrocytes ( Fig. 6D and E). However, Journal of Cell Science • Advance article decreased OPC proliferation was found in CC of postnatal Cx43-KO mice as well as OPCs co-cultured with astrocytes from Cx43-KO mice ( Fig. 6F and G, Fig. S3 ), while no significant difference in PDGF, bFGF, CNTF and lactate levels were found after Cx43 deletion in astrocytes (Fig. S4) . Moreover, the expression of oligodendroglial Cxs was not significantly altered by Cx43 knockout in astrocytes (Fig. 6C) .
Finally, we performed rescue experiments and found that the decrease in OPC proliferation observed after Cx43 deletion in astrocytes could be compensated by an external glucose supply in AST-OPC co-cultures (Fig. 7A ). To further confirm that astrocytes affect OPC proliferation in a non-cell-autonomous manner, we designed sandwich co-cultures in which OPCs were seeded on coverslips in contact with astrocyte medium but not directly on astrocyte monolayers, as shown in the diagram (Fig. 7B ). In these sandwich co-cultures, similar results were obtained as that in the AST-OPC co-cultures ( Fig. 7C and   D) . Altogether, these results indicate that Cx43 deletion in astrocytes affects glucose level in the extracellular medium but does not impact the Cx hemichannel function of OPCs.
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Discussion
OPCs and OLs need to go through a series of energy-consuming developmental events, including proliferating to enrich the population in CNS tissues, migrating/distributing into their destinations, and wrapping axons to form myelin (Kang et al., 2010; Richardson et al., 2011; Rivers et al., 2008) . However, the mechanisms underlying their energy metabolism, in particular the pathways involved in energy metabolites uptake and trafficking remain unidentified. waves (Kamasawa et al., 2005; Menichella et al., 2006; Parys et al., 2010; Wallraff et al., 2006) . Here, we provide direct evidence that OL-astrocyte gap junctions are also permeable to the fluorescent glucose analog 2-NBDG.
Considering the capacity of astrocytes to uptake, store and supply energy substrates (Rouach et al., 2008) , it is likely that glucose and/or its metabolites might be transferred from astrocytes to OLs through OL-astrocyte gap junctions as recently hypothesized (Morrison et al., 2013) . In this regard, our findings may provide a new understanding of a Cx channel-mediated metabolic supply alternative pathway besides Glut-or MCT-mediated pathways in the oligodendroglial lineage.
However, using 2-NBDG, we could not observe such gap junction-mediated glucose transport between OPCs and adjacent astrocytes. Instead, we showed for the first time that Cx-based hemichannels in OPCs are responsible for glucose analog uptake from the extracellular environment, though it is still lack of evidence to show which Cx protein plays the dominant role in this process.
These in vitro results imply that the functional gap junction channel may not exist at early OPC developmental stages until they differentiate into GalC-positive OLs (Venance et al., 1995) . Consistently, it was demonstrated that A2B5-positive Importantly, given that neither Gluts (i.e. Glut1, Glut2 and Glut3) nor MCT1 was detectable in OPCs in our and other's studies (Lee et al., 2012) , while 2-NBDG uptake in OPCs can be blocked by CBX but not by Glut inhibitors such as STF31
and Cytochalasin B, it is likely that Cx-mediated hemichannels may serve as a major metabolic supply pathway in OPCs. Thus, the critical developmental step of myelination may depend on the Cx-based channel mediated glucose supply (Rinholm et al., 2011; Yan and Rivkees, 2006) .
Normally it is thought that glial hemichannels are either kept closed to maintain cellular integrity (Spray et al., 2006) or active in certain brain areas such as the hippocampus (Chever et al., 2014) and the olfactory bulb (Roux et al., 2015) . Moreover, they are triggered to open by some stimulation, such as inflammation, mechanical stress or ischemia (Batra et al., 2012; Johansen et al., 2011; Karpuk et al., 2011) . In our study, however, we demonstrated for the first time that Cx-mediated hemichannels are responsible for glucose uptake in OPCs, implying a role for oligodendroglial Cx hemichannels under physiological conditions. We further revealed that the activation of hemichannels in the oligodendroglial lineage depends on intracellular calcium signaling, which can trigger Cx hemichannel opening in other cell types (De Vuyst et al., 2006) .
Interestingly, we observed that OPCs exhibit stronger spontaneous calcium
Journal of Cell Science • Advance article oscillations than OLs do (Fig. 4) as recently reported (Cheli et al., 2014) , which may explain why more glucose uptake through Cx hemichannels occurred in OPCs compared to OLs (Fig. 3) . In this regard, our data shed light on different energy substrate uptake mechanisms and pathways between OPCs and OLs.
In OPCs, Cx hemichannels provide a main route for glucose entry, while in OLs, glucose and lactate transporters, supplemented by the gap junctions between astrocytes and OLs, as well as their hemichannels contribute to the energy substrate uptake and traffic.
As elegantly stated by A. Harris (2007), "Although connexin-based channels are considered as poorly selective channels leading to an idea that they are 'non-specific large conductance channels', numbers of studies demonstrate that there are dramatic, unanticipated and Cx-specific differences in the channel permeability to cytoplasmic molecules, particularly among those thought to directly mediate intercellular signaling (i.e., cAMP, IP3,…..). The data strongly indicate that certain biological molecules have highly specific interactions within Cx pores that enable surprising degrees of selective permeability that cannot be predicted from simple considerations of pore width or charge selectivity" (Harris, 2007) . Based on these statements, it seems reasonable to consider that while we show here that astrocyte-OL gap junction channels and OPCs hemichannels are permeable to 2-NBDG, it does not automaticaly imply that all cytoplasmic or extracellular signaling molecules with small molecular weight can permeate Journal of Cell Science • Advance article through these channels.
Finally, we used conditional astrocytic Cx43 knockout (Cx43-KO) mouse as a glucose-deprivation model to confirm the importance of Cx channel based energy support on the OPC proliferation in both in vivo and co-culture systems.
In these mice, glucose uptake in Cx43 lacking astrocytes is increased by compensatory up-regulation of Glut1, Glut3 and type I/II hexokinase expression (Gangoso et al., 2012; Tabernero et al., 2006) . As predicted, we observed that OPC proliferation was inhibited by Cx43 deletion in astrocyte without impacting OPC hemichannel properties. Moreover, this effect can be rescued by a compensatory extracellular glucose supply, indicating the importance of astrocytes in maintaining the glucose levels of the CNS extracellular matrix.
Another point that needs caution is that lactate is also an important metabolic substrate for the brain during the early postnatal period (Barros, 2013; Rinholm et al., 2011) . Given the extensive permeability of hemichannels for various metabolites (Giaume et al., 2013) , there is no evidence to exclude the uptake of lactate or other energy substrates through hemichannels in OPCs. In fact, it has already been reported that gap junction channels in astrocytes are permeable to lactate in vitro and ex vivo (Tabernero et al., 1996; Rouach et al., 2008) . Given that various Cx-mediated channels exhibit different functional properties, including size selectivity, charge selectivity and voltage/chemical gating, we still have no evidence to show that Cx-channels in OPCs are 
